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Visual awareness is a speciﬁc form of consciousness. Binocular rivalry, the alternation
of visual consciousness resulting when the two eyes view differing stimuli, allows one
to experimentally investigate visual awareness. Observers usually indicate the gradual
changes of conscious perception in binocular rivalry by a binary measure: pressing a but-
ton. However, in our experiments we used gradual measures such as pupil and joystick
movements and found reactions to start around 590ms before observers press a but-
ton, apparently accessing even pre-conscious processes. Our gradual measures permit
monitoring the somewhat gradual built-up of decision processes.Therefore these decision
processes should not be considered as abrupt events. This is best illustrated by the fact
that the process to take a decision may start but then stop before an action has been
taken – which we will call an abandoned decision process here. Changes in analog mea-
sures occurring before button presses by which observers have to communicate that a
decision process has taken place do not prove that these decisions are taken by a force
other than the observer – hence eliminating “free will” – but just that they are prepared
“pre-thresholdly,” before the observer considers the decision as taken.
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INTRODUCTION
Visual awareness, a speciﬁc form of consciousness, is challenging
toapproachexperimentally(Myersonetal.,1981;CrickandKoch,
1995; Bhardwaj et al., 2008). One of the few suitable paradigms
is binocular rivalry,the alternation of visual consciousness result-
ingwhenthetwoeyesviewdifferingstimuli(BlakeandLogothetis,
2002;AlaisandBlake,2005;KimandBlake,2005).If agratingpre-
sented to the left eye is oriented perpendicularly to that shown to
therighteyeasinthepresentstudyconsciousexperiencealternates
between the two orientations (O’Shea and Crassini, 1981; Fahle,
1982) though the stimulus stays constant (Figure 1A). Observers
usually have to indicate these gradual changes of conscious per-
ception by a binary measure: pressing one of two buttons,one for
theemergenceof eachgrating.Herewearguethatanalog,orgrad-
ual measures better reﬂect the gradual changes in awareness (and
decision processes) than button presses (Naber et al., 2011). We
used three measures of visual awareness – button presses, pupil
size, and joystick movements. In our experiment, the grating to
one eye differed in orientation (provoking rivalry) and luminance
(eliciting pupil responses) from that in the other eye (Figure 1A).
Differences in stimulus luminance cause differences in pupil size.
Because pupil size is similar in both eyes (Ettinger et al., 1991;
Miller et al., 2005), we expected pupil size to change depend-
ing on which of the stimuli was consciously perceived (Barany
and Hallden, 1948). That is to say that both pupils should con-
strict when observers perceive the brighter grating and enlarge
when observers perceive the dimmer grating (Harms, 1937; Lowe
and Ogle, 1966; Fahle et al., 2010; Naber and Einhäuser, 2010).
This change could serve as an objective correlate of the inter-
nal choice between two stimuli both represented in (early) visual
cortices (Kovacs et al.,1996;Fang and He,2005;Tong et al.,2006).
And indeed, pupils not only reacted to the transitions between
perceived orientations (Fahle et al., 2010; Naber and Einhäuser,
2010), but pupil sizes predicted which stimulus was perceived
(Figure 1B). These earlier studies, however, did not discuss the
temporal lead of the pupil response and neither did they relate it
to decision processes in general.
The pupil starts to change around 590ms before observers sig-
nal changes in conscious perception by pressing a button,not just
in our data, but also to be found – at least for dilations – for
other types of bi-stable stimuli (Einhauser et al., 2008). That is,
the pupil seems to access even sub-threshold, or pre-conscious
processes. However, the lag of the behavioral response relative to
the pupil response disappears if observers move a joystick rather
thanpressabutton.Hencedecisionprocessesseemtorequiresome
processing time, building up over time rather than being all-or-
none events and hence require gradual measurements rather than
binary ones such as button presses (Soon et al., 2008). Averaging
analogmeasuressuchaspupildiameterortheEEGidentiﬁeseven
pre-threshold portions during the built-up of decision processes.
This insight may prevent the misinterpretation of data demon-
strating changes in analog measures such as the EEG occurring
before binary decisions are consciously taken (Libet,1985). These
data were interpreted by some as indicating that humans do not
havea“freewill”sincethechangesin(analog)EEGpotentialspre-
ceding (binary) button presses were interpreted as produced by a
force independent from the observer proper, while the observer
seemed to be “informed” about the decision only after a decision
hadbeentakenbythisindependentforce(whateverthisforcemay
be; e.g.,Libet et al.,1999).
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FIGURE 1 | Stimuli used and pupil reactions obtained during binocular
rivalry and between stimuli of differing luminances. (A) Stimuli used to
elicit binocular rivalry. An oblique darker grating was projected to one eye, a
perpendicular brighter one to the other eye, resulting in alternation of
perception between the two stimuli. (B) Pupil reactions (means and SEM
for four observers) to a change in subjective perception between the two
gratings relative to time of button presses during binocular rivalry.The black
line shows the relative pupil response for transitions from bright to dark and
the gray line transitions from dark to bright. Pupil constrictions start on
average about 590ms before the button presses (gray arrow); pupil
dilations start about 120ms before the button presses (for movement onset
estimates see Bergamin and Kardon, 2003). Hence the pupil reacts to
internally triggered transitions between percepts much earlier than button
presses do. (C) Pupil responses to a change in physical stimulus properties
in both eyes from dark to bright or vice versa.The bar indicates the time of
change of physical stimulus properties. It is an interval rather than a ﬁxed
point in time because data were averaged relative to button presses and
reaction times vary slightly (both intra-individually and between observers).
The constriction starts about 120ms before the button is pressed (gray
arrow); dilation starts only marginally before the button press. Hence
reaction times for pupil responses and button presses are quite similar for
externally caused changes of perception.The lead of pupil responses in (B)
is not mainly due to a faster reaction time of the pupil.
RESULTS
The pupil response for a subjective switch to a brighter target
started around 590ms (±30ms SEM) before the button presses
by which observers indicated this change in subjective percept –
even though observers were instructed to react as fast as possible
(Figure 1B; Einhauser et al., 2008; Hupe et al., 2009; Alais et al.,
2010).Toruleoutthepossibilitythatthepupilresponsesarefaster
thanbuttonpresses,weperformedaﬁrstcontrolexperiment.Both
eyes viewed the same grating that changed orientation and lumi-
nance simultaneously in both eyes at pseudo-random intervals
(Figure1C).Then,pupilconstrictionsanddilationsoccurredwith
latencies around 265 and 305ms, respectively, after the change in
stimulus orientation and luminance – only marginally before the
button presses. Hence, the “lead” of pupil response in the ﬁrst
experiment is not primarily due to a faster response-time of the
pupil as compared to the ﬁnger. Since the pupil reactions dur-
ing binocular rivalry are about one fourth of the ones elicited
by switching physically between the same stimuli. Therefore, as
with the visually evoked potentials (VEP),averaging is required to
obtain clear results. A prediction of which eye dominates during
binocular rivalry, based on online pupil size, yields only between
around 60% (Crouzet et al., 2011) and 70% correct responses
(Naber et al., 2011 and our own data), depending on exact exper-
imental conditions as well as on subjects (cf. also Kreiman et al.,
2002; Fried et al.,2011).
We were tempted to conclude that the pupil knows something
about the unconscious planning of cognitive events – in this case
the internally generated decision to switch conscious perception
between stimuli – that the owner of the brain does not know yet
(Fahle et al., 2010). However, the apparent temporal lead of ana-
log measures such as brain potentials and pupil size relative to
button presses may rather be an artifact caused by the compar-
ison between averaged continuous versus discontinuous signals
(button presses or precise clock position; Libet, 1985). Such a
comparison is in a way unfair. To press a button, a discontinu-
ous(yes/no)decisionismadeonthebasisof quitenoisy(internal)
processes which require that the signal has to pass a threshold. If
the internal process fails to reach threshold, it fails to leave any
trace. Pupil responses and brain potentials,on the other hand,are
retained even if they fail to reach a threshold and can be averaged
over time. For a fairer comparison between pupil and behavioral
responses, we asked subjects in a second control experiment to
move a joystick between left (one orientation dominates com-
pletely) and right (the other orientation dominates completely)
with all possible in-betweens. This measure captures early parts
of transitions as well as incomplete transitions. The results show
a gradual transition in visual awareness that requires, on average,
almost1000ms(shadedareainFigure2A1).Inthissecondcontrol
experiment the pupil constricts with a time course very similar
to the joystick response (while the dilation is somewhat slower;
Figure2A2),andverysimilartothemainexperiment(Figure1B).
This similarity in time courses of pupil responses under dif-
ferent experimental conditions allows one to compare reaction
times between these conditions, and especially between button
versus joystick responses. Button presses occurred, on average, at
about the middle of the joystick transition time. In other words,
observers pressed the buttons in the main experiment at about
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FIGURE2|J o ystick and pupil responses obtained during binocular
rivalry and between stimuli of differing luminances. (A) Joystick position
and pupil responses to subjective changes in perceived grating orientation
relative to joystick responses.Time zero is deﬁned as half of the movement
duration (not the mid position of the joystick which occurs earlier).This
midpoint corresponds rather well with the time of button presses. (A1)
Joystick position.The transition between the two percepts requires on
average 928ms in both directions (shaded area), and joystick responses start
about 460ms (left side of shaded area) before the joystick reaches its
midpoint, mirroring the relative slowness of the perceptual transition. (A2)
Pupil constrictions (which are known to be faster than dilations, Miller et al.,
2005) start at about the same time as joystick responses [see (A1)]. Hence
the apparent lead of pupil responses over behavioral responses disappears if
a continuous measure is taken rather than a discontinuous one (button
presses). (B) Joystick and pupil responses to physical changes of stimuli. (B1)
Joystick responses relative to physical stimulus changes which took place
within the shaded area. Latencies when expressed as midpoints of the
joystick movement are very similar to those for button presses. Joystick
movements are much faster here than for rivalrous transitions, reﬂecting the
fact that the transition here is instantaneous (external) rather than gradual
(internal; rivalrous). (B2) Pupil constrictions caused by physical stimulus
transitions start at the same time as joystick movements [see also (B1)].
the time when they had used half of the transition time between
the outer joystick positions in the control experiment (compare
Figure 1B with Figure 2A2). This interpretation receives further
supportfromthecomparisonbetweenbuttonpressesandjoystick
responses to physical stimulus changes (compare Figure2B1 with
Figure2B2). The joystick transitions for these physical changes of
both stimuli had latencies comparable to those of button presses
and pupil responses [compare Figure 2B1 (time to mid-interval)
with Figure 1C (time to button press)].
To push the button or to move the joystick several internal
thresholds must be passed. First a change in stimulus must be
detected. Secondly,an internal decision criterion must be reached
and third the motor threshold must be passed to initiate the
movement. To cross these three thresholds and to move the hand
requiresabout200ms(initialJoystickmovement)or400ms(But-
ton) for physical stimulus changes. We assume that reaching the
third, the motor threshold; will follow the same time course also
during rivalry. Comparison between the data for button presses
versusjoystickmovementsshowsthatthedelayof responsesinthe
initial button press experiment is not due to the fact that the stim-
ulus change stays undetected. Quite to the contrary, the change
is detected and indicated by a joystick movement, i.e., the ﬁrst
threshold is crossed fast. It is the second threshold, a cognitive
one, which produces the delay: participants push the button not
before the perceived stimulus change crosses an internal decision
criterion,orthreshold,whichcorrespondstoarelativedominance
(50 or more percent) of the new stimulus.
DISCUSSION
We infer from these results that the internal decision process dur-
ing binocular rivalry – switching between the input of one eye to
theinputof thepartnereye,clearlyisnotanabruptone,occurring
within a few milliseconds, but one that gradually builds up over
a time course of about a second – possibly due to the piecemeal
nature of the rivalry process and due to the incomplete inhibi-
tion between the two eyes or stimuli during the gradual transition
time. The completely endogenously generated switching process
during binocular rivalry may be an example of decision processes
in general,with the advantage of being relatively slow and directly
observable, since it relates to the decision between two different
stimuli.Thetimedifferencebetweenthestartofthepupilresponse
and the pressing of the button is not due to pupils having access
to signals predating the conscious switch from one percept to its
alternative. Rather, averaged analog signals allow one to detect
imminentinternaldecisionsearlierthanabinarydecisionthathas
to be taken on the basis of a noisy trial-by-trial signal (Soon et al.,
2008). This interpretation relates to the results of Libet (1985)
who investigated a different type of internally generated deci-
sion processes. In his experiments, subjects were asked to press
a button at irregular intervals, performing what Libet calls“freely
voluntary,fully endogenous motor acts.”During the experiments,
subjects watched a revolving spot and were asked to recall the spa-
tial “clock position” of this spot at the time when they became
ﬁrstawareof theirdecisionorintentiontomovetheirﬁnger.Libet
found cortical potentials starting around 300–500ms before the
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time at which subjects had consciously made the decision to press
the button – i.e., these potentials were pre-conscious. Libet and
others hypothesized that the brain makes a decision before the
owner of the brain actually becomes aware of this decision (van
deGrind,2002;Wegner,2003;Haggard,2005).Thisinterpretation
wouldhavesigniﬁcantconsequencesfortheoriesof decisionmak-
ingincluding,assomeargue,theconceptof freewill.Butbasedon
our own results, we would not jump to such conclusions, as out-
lined above. We would rather argue that also in the case of Libet’s
experiments likewise a certain proportion of decision processing
are started (“Maybe I should press the button now?”), but are
abandonedbeforethebuttonisactuallypressed(“I’dratherwaita
littlelonger”).Underthesecircumstances,subjectswouldwait,ina
way analogous to the situation during binocular rivalry,until they
were sufﬁciently sure that the decision process just started would,
indeed, lead to a button-press and, hence, press the button clearly
after the decision process started. Some indicators of actions to
be taken can be detected at much longer lead times than the ones
found in Libet‘s as well as our experiments (Soon et al., 2008), up
to 10s. These indicators presumably reﬂect activity in high level
controlareasof thecortexthatprepareactionsinawayevenmore
basic (and possibly completely unaware for the subject), and are
(therefore?) far less reliable than the ones we measured here.
For a quantitative comparison between the binary versus ana-
log response times,we measured the mean transition times of the
joystickresponseof allobserverstobe928ms(±51msSEM),and
therateofincompleteorinterruptedjoystickmoves(i.e.,thosenot
even reaching the mid position,see movement“3”in Figure3A to
be24%(±3%SEM).Theearlierthesubjectiveperceptmovesback
totheinitialorientationortheshortertheintervalbetweensubse-
quent physical stimulus changes,the smaller becomes the joystick
movement. As can be seen in Figure 3, the relative probability
of all these partial movements does not differ much between all
possible intervals. This is time both for purely perceptual changes
(Figure 3B) as well as for physical changes (Figure 3C). However,
in the latter case, the overall probability is much reduced since
intervals below 1s were relatively rare. From the results above,
one can conclude that it takes on average 464ms to complete
half of the transition between percepts, and to perceive as dom-
inant the competing stimulus. This interval corresponds nicely
to the time difference between the beginning of pupil and joy-
stick response on one hand and the button press on the other
hand. Around 24% of incomplete transitions obviously prevent
the subjects from signaling, by button press, the very start of the
transition,since they cannot be sure whether this beginning tran-
sition will indeed lead to a dominance of the competing stimulus.
Thisuncertaintyresultsinverysimilarlatenciesforbuttonpresses
andthemiddleof joysticktransitiontime:observerspressthebut-
ton when the competing stimulus becomes dominant, not when
the“previous”one starts to fade. Incidentally the speed of change
in incomplete decision processes does not differ from those of
complete ones and is not related to the frequency of switches in
individual observers. Our results are in good agreement with sin-
gle cell and ﬁeld potential studies in monkeys that found neurons
in cortical areas on several levels of the visual pathway reﬂect-
ing the perceptual switches of binocular rivalry (Logothetis and
Schall, 1989; Leopold and Logothetis, 1996)w h i c hi nt u r nm a y
FIGURE 3 | Complete versus incomplete reversals. (A) Example for
interrupted joystick movements, for an arbitrary 50s period (x-axis). Joystick
position “1” signals a complete percept of a dark grating and position “−1”
that of a bright grating (y-axis). Movement “1” is considered as a sufﬁcient
transition (>60%), “2” is still considered as a sufﬁcient reversal (>50%) but
not included in pupil analysis while “3” is considered as an incomplete
reversal (<50%), i.e., it does not qualify as a transition. (B) Percentages of
complete versus incomplete joystick movements for changes during rivalry.
Movements of less than half amplitude are considered as “incomplete”
here since they indicate that percepts did not switch sufﬁciently to the
competing stimulus or else the dominance of the competing stimulus was
too short lived. (C) Percentages of complete versus incomplete joystick
movements for physical stimulus changes. Note that the Poisson
distribution determining physical changes contained dominance times
down to 20ms, leading observers to change joystick-direction before the
reached the endpoint.
inﬂuence the subcortical centers regulating pupil size (Barbur,
2004).
We conclude that (a) the pupil is a valid objective correlate
of subjective perceptual changes in binocular rivalry (Naber and
Einhäuser, 2010; Crouzet et al., 2011), (b) the start of pupil reac-
tions predates the button presses of subjects by about 590ms,and
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(c) this time difference is not due to different motor response
times, but (d) is due to averaged analog responses starting before
all – or none (binary decisions) are taken – the latter requiring
a certain threshold to be reached. Therefore, perceptual decisions
during binocular rivalry require almost 1000ms to develop fully
(Wilson et al.,2001; van Ee et al.,2005). These results bear conse-
quences for the interpretation of a number of similar experiments
that compare analog responses (such as averaged brain responses;
Morgan, 2005) with binary ones such as button presses or mem-
orizing the exact position of a clock’s hand. We conclude that
extreme care should be taken not to over-interpret such com-
parisons between continuous and discontinuous indicators. In
addition, we conjecture that the pupil seems to be a promising
candidate for an objective measure of subjective phenomena such
as binocular rivalry.
MATERIALS AND METHODS
GENERAL METHODS
All observers had normal or corrected-to-normal vision and gave
written informed consent to participate. All procedures con-
formed with national and institutional guidelines and the Dec-
laration of Helsinki. Observers saw stimuli at a distance of 0.6m
on a LED monitor (Zalman Trimon 2D/3D 22  ) with polariz-
ing ﬁlters of opposite circular polarization for odd and even pixel
lines and matched ﬁlters in front of both eyes. Heads were sta-
bilized with a headrest, the room was darkened and special care
was taken to prevent scattered light. Stimuli had a diameter of 4˚,
a spatial frequency of 2 cycle/˚ and a Weber-contrast of eight rel-
ative to the background (luminances of 2.8 versus 108cd/m2).
Observers (n =4) looked at a central ﬁxation point and indi-
cated the change of the prevailing orientation of their percept
as fast as possible by pressing the corresponding button in the
ﬁrst experiment and by moving a joystick between left and right
in the control experiments. Transitions between grating orienta-
tions and the correlated luminance differences were caused either
by internal decision processes (binocular rivalry) or by chang-
ing the stimulus orientation and luminance of the stimulus at
random intervals (Poisson distribution) between one frame and
the next. The start of pupil reactions and joystick movements
was determined by the positive peak of the second derivative, the
end of joystick movement by the negative peak of this derivative
(Bergamin and Kardon, 2003). Observers were tested for 10min
twice for each experiment. Each data point in the graphs relies
on a least 200 reports from each observer. Details regarding the
recording and analysis of the data as well single subject results
are to be found under Sections“Recording”and“Analysis.”A sep-
arate pilot experiment with six additional observers reproduced
the main results, i.e., reaction of pupils before button presses and
simultaneous pupil and joystick reaction during rivalry. (Results
not shown, since not all observers participated in all conditions).
Data analysis was implemented in Matlab (MathWorks, Natick,
MA, USA).
RECORDING
Joystick
We used the standard joystick for the pilot experiments but pre-
ferred the“throttle”for the experiment proper since it has a linear
mechanical characteristic without favoring the middle position.
Resolution of the joystick movement was 8bit (256 levels).
Pupil
The right eye was illuminated by means of two infrared LEDs and
recorded through a CCD camera (Watec 902 H3 supreme) at a
rate of 50Hz and a spatial resolution of 752×582. A computer
program developed in house ﬁtted the pupil by an ellipsoid and
calculated its center and diameter as well as the positions of the
Purkinje reﬂexes.
ANALYSIS
Joystick data
Data were smoothed by Gaussian ﬁltering (half-width=120ms)
to reduce noise. Start and end of the joystick movement were
deﬁned, for constrictions, as the negative and positive peak of
the second derivative, respectively; hence both start and end of
the movement were objectively determined. The slope midpoint
is deﬁned as half the time between start and end of the move-
ment. This midpoint is supposed to correspond to the time of
the button press. Indeed,these two measures correspond nicely to
each other if they are compared on the basis of the corresponding
pupil responses. Joystick movements that did not reach at least
50% of the maximum joystick amplitude were counted as partial
or incomplete transitions and those below 60% were not included
in the analysis of pupil responses (see Figure S5 in Supplemen-
tary Material). Transitions with small discontinuities of move-
ment but without a change in direction were considered as one
(slower) movement. The data were epoch-based z-transformed
and averaged. The following analysis was the same as for the pupil
data.
Pupil
Data points lost for example due to eye blinks were extrapolated
by a polynomial function. No data points were discarded. Subse-
quently the whole data set was smoothed witha7p o i n tm e dian
ﬁlter. Averaging into “epochs” was relative either to the button
response or the midpoint of the joystick movement, supplying
means, and SEs of the means of pupil size for the two types
of pupil transitions caused by rivalry or stimulus changes. Each
epoch was normalized via z-transformation (z-score), see Figure
S1a in Supplementary Material. A polynomial function was ﬁtted
to the averaged data,separately for transitions from dark to bright
versus bright to dark. The second derivative of the ﬁt function
served to identify the exact start of the pupil response. z-Scores of
pupil diameter were ﬁnally transformed to arbitrary units for bet-
ter comparability in the graphs by setting the difference between
maximumandminimumvaluesfortheaveragedepochto“unity.”
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